It is recognized that mantle flow can cause the Earth's surface to uplift and subside, but the rates 14 and durations of these motions are, in general, poorly resolved due to the difficulties in making 15 measurements of relatively small vertical movements (hundreds of metres) over sufficiently large 16 distances (~1000 km). Here we examine the effect of mantle upwelling through a study of 17
uncovers a symmetrical uplift with diameter of >1000 km. The wavelength and relatively short 23 timescale of the uplift suggest it is associated with a mantle process, possibly convective 24 upwelling, and that the topography may be modulated by rapid short-lived pulses of mantle-25 2 derived uplift. Our study shows that stable continental regions far from the effects of glacial 26 rebound may experience rapid vertical displacements of several millimetres per year. 27
28
It is a long held view that sea-level changes along mature continental margins, far from tectonic 29 activity and glacial loading, represent global (eustatic) variations (e.g. 1 ). However, there is a 30 growing realization that vertical motions at the Earth's surface may occur in the absence of 31 lithospheric (plate tectonic) processes, and are instead driven by forces introduced by convection 32 in the sub-lithospheric mantle (e.g.
2 ). Many studies have focused on Africa, which has a long-33 wavelength topography composed of broad swells and basins, occurring both within the 34 continental interior and at its margins (e.g. Fig. 1a-b ) 3 . However, there is a range of 35 interpretations of the origin of these topographic swells, from 'dynamic' causes of mantle 36 upwelling, through flank uplift to adjoining subsiding basins, to the isostatic response to near 37 surface density contrasts (e.g. [2] [3] [4] [5] [6] [7] [8] [9] ). The remaining challenge for understanding the origin of these 38 events is the quantification of their rates, durations, and extents. 39
40
We focus on the coastline of Angola (Fig. 1c) . Cenozoic uplift is recorded in the large-scale 41 topography and drainage patterns, in offshore sedimentation and denudation, and in the 42 emergence of Quaternary marine and coastal sediments 7; 8; 10; 11 . Much of central Angola is 43 occupied by the Bié plateau, a dome-shaped range of ~1000 km diameter, rising to an elevation of 44 >2500 m (Fig. 1c) . Inverse modelling of river profiles on the plateau flanks yield two uplift 'pulses', 45 with rates of up to 0.5 mm/yr, and with durations of ~1 Ma 8 . Pulses of tilting and denudation in 46 the mid-Oligocene (30-35 Ma) and post-Pliocene are also observed in seismic reflection profilesacross the Angolan continental shelf 7 . 48
49
Pleistocene coastal uplift is demonstrated by Gilbert-type delta systems adjacent to the Kwanza 50 and Benguela rivers (Fig. 1c) . Coastal terraces representing late Quaternary uplift are observed 51 adjacent to the Bié dome and the offshore regions that preserve evidence of Cenozoic 52 denudation 7; 8; 10; 11 . The marine terraces extend smoothly for long distances 10 suggesting that 53 active faulting, salt movements, and sediment loading are not the ultimate cause, and that deep, 54
i.e. mantle, processes may instead be responsible. Existing age data for the terraces have been 55 used to suggest relatively rapid uplift, accelerating from ~0.3 mm/yr at ~100 ka to 1.7 mm/yr over 56 the last ~30 ka 10, 11 . This is an order of magnitude higher than longer-term uplift rates from this 57 
Pleistocene terraces of the Angolan coast 65
The Angolan coastal terraces were first recognized and described by 16 . Near Benguela they are 66 ~10 m elevation has U-series ages of ~36 ka and radiocarbon ages of ~25 ka 10 . However, uplift 71 rates derived from the ages are unlikely to be correct as U-series dating of mollusc shells is known 72 to be unreliable (e.g. 17 )
. 73
The uplifted coastal terraces end northwards by the Congo estuary, do not extend south of central 75 Namibia 18 (Fig. 1c) , and peak near Benguela 10, 11 . The existing studies of the terrace sequences are 76 unable to directly correlate the terrace fragments, which are separated by large longitudinal 77 distances, justifying the approach of mapping and correlation from remote-sensing. 78
79
Our field study focused on the 25 m terrace, which is well exposed close to Benguela, and which 80 has a relatively simple geomorphic expression. We sampled the terrace at three localities (A-C; Fig.  81 1d). The terrace is composed of an abrasion surface in soft early Tertiary mudstones that is 82 overlain by lagoonal, beach and near-shore sediments. We interpret the abrasion surface and 83 sedimentary cover to result from a single sea level excursion with several thousand years duration. 84
The sediments do not contain corals that would generate reliable U-series ages, but are rich in 85 quartz sand grains that can be dated with optically-stimulated luminescence (OSL). Several recent 86 studies have shown the utility of OSL dating of coastal sediments (e.g.
19;20;21 ). We collected eight 87 OSL samples from the 25 m terrace, using appropriate protocols to minimize any possible partial 88 bleaching effects. We also collected bivalve shells from the terrace deposits for radiocarbon 89 series ages of 112 +/-6 ka and 103 +/-5 ka are reported from bivalve shells 10 . We collected four 100 OSL samples. We also collected a number of shells from the deposit, of which two (Arca sp. and 101 Ostreida sp.) were selected for radiocarbon dating. We took another two OSL samples from Site B, 102 located just north of Benguela at 12º33'03.2''S 13º26'22.7''E ( Supplementary Figs. 2-3) . The 103 presence of heavily-ribbed bivalves at Site B indicates high-energy near-shore environments. A 104 single OSL sample (BNG10-12) was collected from Site C, situated behind the Benguela football 105 stadium, at 12º32'39.4''S 13º27'50.6''E ( Supplementary Figs. 2-3) . The fauna at Site C was 106 predominantly Arca sp.. Gypsiferous horizons indicate a similar lagoonal environment to that 107 interpreted for Site A 10 . 108
109
The eight OSL ages from the 25 m terrace range in age from 57.8 +/-11.2 ka to 36.8 +/-3.4 ka (Fig.  110 2, also see Methods, Supplementary Table 1, Supplementary Figure 3) . Our results confirm that 111 the terrace is much younger than previously thought, and showing that uplift rates based on the 112 U-series ages are not reliable. For the radiocarbon dating (see Methods and Supplementary Table  113 2), oceanic upwelling adjacent to our field site will lead to reservoir effects being incorporated in 114 the shell carbonate, and no marine reservoir correction data exist for Angola. Such reservoir 115 offsets are only of the order of hundreds of years, however, in order to calibrate the two 14 C ages 116 as accurately as possible we utilised the reservoir estimate of ~500 years from the NW coast of 117
South Africa
22 . The conventional radiocarbon ages obtained, 44,650 ± 500 BP (OxA-26335) and 118 40,340 ± 310 BP (OxA-26336), showed good agreement with the OSL measurements. We 119 therefore combined all OSL and 14 C dates together into a Phase in the program OxCal 23 (see 120
Supplementary Data 1) to indicate that they form a coherent group but are not exact markers of 121 the same point in time (making the assumption that the ancient shoreline survived for a finite 122 period of time). OxCal then generated probabilities for the start, mid, and end dates of the 123 existence of the shoreline (see Fig. 2 ). The median midpoint date (~45.1 ka) was used as the input 124 6 in our models of uplift rate. To investigate the effects of differing depositional environment 125 between the three sites we re-ran the model excluding the two ages from site B (near-shore, 126 rather than lagoonal) and found negligible differences in the overall age. 127
128
We combined the ~45 ka age with different eustatic sea level curves 24;25;26;27;28 to constrain 129 confidence intervals on uplift rates. A full discussion of the various sea-level data is given in 130
Methods, and a visual comparison of the various curves is presented in Supplementary Figure 4 . 131
An example uplift rate calculation is given in Fig. 3a , using the curve of 24 , the others are included 132 terrace levels from past eustatic sea-level curves (see Methods). We identify terraces in the 141 region plotted in Fig. 1d as areas where the gradient is close to zero. Noise introduced by small, 142 low-relief regions such as hill tops and river beds, and small-scale topography on the terrace 143 surfaces, has the effect of breaking up even large terraces, meaning that terraces are often only 144 poorly recovered and might not be found at all. To improve spatial coherence we thus filter the 145 topographic gradients before calculating their magnitudes, as described in Methods. The 146 automated extraction at Benguela agrees well with terrace heights obtained from manual 147 identification of terraces (white dots on Fig. 3b, see Supplementary Figure 1) , and has the 148 advantage that it can resolve multiple terraces that are closely spaced in height. However, it does7 not recover the level at ~260 m due to its surface being heavily dissected and noticeably tilted (Fig.  150 1d, profile 1, also see Fig. 4) . 151
The best-fitting uplift rates (honouring the measured age of the ~25 m terrace) for the four 152 separate sea-level curves [24] [25] [26] [27] [28] are in close agreement (Fig. 3, and supplementary Figs. 5-8) . In 153 addition, these uplift rates can be used to make predictions of other terrace elevations that should 154 be observed in the area (pale orange histograms in Fig. 3 ). When these are compared with the flat 155 areas extracted from the SRTM DEM, there is a generally good agreement. In particular, the three 156 most detailed sea-level curves 24, 25, 27 agree that the ~155 m terrace appears to have formed at 157 ~80ka. Such agreement gives us additional confidence in our results, and allows us to extend the 158 approach outside the region where we have direct constraint on terrace age. terrace formed by what we model as the 81 ka high stand (at ~150 m elevation at Benguela) is 167 particularly prominent and can be identified along virtually the entire coastline (dotted line in Fig.  168 4c). Doming is evident, with terraces near Luanda climbing steadily towards the south, and 169 terraces near Namibe climbing steadily towards the north. We can construct an uplift model (Fig.  170   4d) and an uplift rate model (Fig. 4e) for the length of the coastline by honouring the terrace 171 continuity, the uplift rate given by the 25 m terrace dates at Benguela, and local maxima in the 172 correlation between observed and expected terrace elevations for different uplift rates along the 173 coastline. These models (Fig. 4d-e) beneath Angola (e.g. 31, 32, 33 ) and yet the Bié Dome is one of the few places to retain a free-air 194 gravity anomaly, consistent with the presence of mantle-supported dynamic topography, when an 195 isostatic correction is applied to the African gravity field 9 . This means that the gravity high over the 196 dome cannot be explained by isostatic compensation. A 25 mGal gravity residual is centred on the 197 dome, which suggests that there are at least 500 m of dynamic topography 34 (Fig. 1b) The Pleistocene uplift event cannot have been sustained for long, as the identifiable coastal 201 terrace sequence peaks at an elevation of ~250 m near Benguela (Fig. 1d) . The 1-2 km height of 202 the Cenomanian (93-100 Ma) surface onshore suggests a maximum total uplift in this region (e.g. Our interpretation is that the late Pleistocene coastal uplift of Angola results from a pulse of 212 mantle-derived uplift, providing an opportunity to study this phenomenon in an area with 213 relatively few other complicating factors. We note that the >2 mm/yr uplift rate reported here is 214 theoretically detectable by long-term GPS measurements, though this analysis has not yet been 215 done to our knowledge. We are also unaware of any historical or archaeological sources that 216 might give insight into recent uplift, though we recognize that the ~1 m of uplift expected since 217 the Portuguese arrival would be visible in the event that any coastal historical buildings are extant, 218
and that the hundreds of metres of uplift on this length-scale will have had an important impact 219 on the palaeogeography of SW Africa over a time interval relevant to the study of prehistoric 220 human populations. 221
222
Constraining the processes responsible for swells and basins within the continents has been 223 difficult due to the lack of precise temporal and spatial limits on the uplift of topography. In Africa, 224 10 for example, differing explanations are postulated for the origin of the elevated regions, ranging 225 from whether uplift results from a large region of upwelling across southern Africa (e.g. 
Additional information 342
Supplementary information is available in the online version of the paper. Reprints and 343 permissions information is available online at www.nature.com/reprints. Correspondence and 344 requests for materials should be directed to RTW (richard.walker@earth.ox.ac.uk) 345 aluminium target and its 14 C activity obtained using Oxford's 2MV tandem accelerator mass 474 spectrometer. The combined set of chronometric data was then incorporated within the same 475
Phase of a Bayesian model in OxCal to refine the ages. 476
477
Expected terrace elevations were modelled by assuming that terraces were cut at a particular 478 elevation whenever past sea-level was "close to" that elevation. In addition, we assume that 479 terraces are eroded with time, with different erosion rates depending on whether or not the 480 terrace is submerged. The likelihood ( , ) that at time a terrace exists at elevation can 481 therefore be posed as the solution to the differential equation: 482
where is a smoothing function that spreads the terrace cutting at any time over a finite 483 interval, ~( ) is the relative sea-level curve adjusted for uplift history and is a decay parameter 484 which differs depending on whether is above or below sea-level at time . The first term 485 represents terrace cutting while the second term represents terrace erosion. must be positive 486 when is near ~( ) and zero elsewhere. We choose to be a Gaussian with FWHM of 8m. The 487 finite width represents uncertainty in the sea-level curve, as well as effects of short period 488 variations such as tides. The model does not take into account the effects of eustatic-induced 489 water loading and unloading on the terrace profiles. We choose to be given by = 0 land + 490 
529
The choice of eustatic sea-level curve impacts the calculated uplift rate. In order to explore 530 variation between different curves, we used four different eustatic sea level curves in our 531 analyses 24-27 , with d18O records in the latter converted to past sea level using equations 532 from 28 . Before converting the d18O data from 27 to relative sea level, we used a moving Gaussian 533 average (FWHM 4 ka) to remove data scatter. The four sea-level curves are shown superimposed 534 for visual comparison in Supplementary Figure 4 . The uplift rates at Benguela, based on our dating 535 of the 25 m terrace, calculated from all four curves are very consistent, bounded by respective 536 90% confidence intervals of 2.0-2.3 mm/yr, 2.1-2.5 mm/yr, 2.2-2.6 mm/yr and 1.8-2.1 mm/yr (see 537 
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